Introduction
Amine mixtures which potentially form two phases at higher CO 2 concentration have recently received attention as a CCS technology. The changes in technology comprises two major elements, solvent and process development. When two phases occur the regeneration heat requirement could be expected to be lower as only a lower phase, being a highly concentrated rich solvent is sent to the stripper and the sensible heat loss could be reduced. By forming a second phase the equilibrium temperature sensitivity could be improved thereby reducing the need for stripping steam and also the heat of absorption may be affected positively.
The DMX process by IFPEN is based on special solvents forming two immiscible phases and is now under testing in Italy (Raynal, et al., 2011 ). This process is claimed to give a specific reboiler duty as 3 low as 2.1 GJ/tonne CO 2 captured which is significantly lower than the 3.0-3.7 GJ/t CO 2 reported for the modified and classical 30wt% MEA reference processes. Another process with two liquid phases is based on a thermomorphic biphasic solvent type. It gives a single phase at lower temperature but two phases at higher temperature (Zhang, et al., 2011) . The advantage of this solvent was to adopt it to a concept where regeneration of the solvent can take place without steam.
A blend of 2-(Diethylamino)-ethanol (DEEA) and 3-Methylamino)-propylamine (MAPA) having characteristics of a biphasic/phase change solvent is now intensively studied at NTNU within the EU iCap project. At very low CO 2 loadings, this solvent behaves as a single phase but at higher CO 2 loadings it gives two phases. For design and modeling of this gas treating process the knowledge of vapor-liquid equilibrium (VLE) of the mixed amine/CO 2 /water system is required. At low CO 2 gas concentrations the phase equilibrium is governed by the binary/ternary DEEA/MAPA/water system.
DEEA is a tertiary alkanolamine, which has received interest by different researchers both as pure and in aqueous solution. Among data available are heat of reaction of CO 2 (Kim, 2009) , freezing point depression (Arshad, et al., 2013) , kinetic absorption CO 2 rate (Konduru, et al., 2010; Vaidya and Kenig, 2009 ), viscosity (Maham, et al., 2002) , density (Lebrette, et al., 2002) , excess enthalpy (Mathonat, et al., 1997) and vapor pressure (Klepáčová, et al., 2011; Kapteina, et al., 2005; Steele, et al., 2002) .
MAPA is diamine which has one primary and one secondary amine group attached. It would be expected to have fast absorption kinetics. Reports on characterization of MAPA both as pure and in aqueous solution are limited. Data available are: heat of reaction of CO 2 (Kim, 2009) , vapor pressure and binary aqueous MAPA VLE data where two different thermodynamic models were developed, i.e.
Wilson and NRTL (Kim, et el., 2008) . Aronu (2011) implemented the UNIQUAC model to these data.
Other data are freezing point depression (Arshad, et al., 2013) and vapor pressure of MAPA at very low concentrations (Nguyen, et al., 2011) . No experimental data and thermodynamic model could be found for the binary DEEA/MAPA and ternary of DEEA/MAPA/H 2 O systems.
In this work, we report a set of new experimental data on the binary systems DEEA/H 2 O and DEEA/MAPA as well as ternary VLE data for the DEEA/MAPA/H 2 O system based on ebulliometer measurements. The gathered P-T-x-y data were modeled with a UNIQUAC thermodynamic model to determine the binary interaction parameters.
Experimental Section

Material
Reagent grade 2-(diethylamino)-ethanol (DEEA) with purity > 99.5% and 3-(Methylamino)-propylamine (MAPA) with purity > 98.5 % supplied by Sigma-Aldrich were used without further purification. The solutions were prepared gravimetrically by dissolving the chemicals in deionized water.
Vapor pressure measurements of pure DEEA(1) and pure MAPA(2)
The P-T vapor pressure data for pure solvents at different temperatures were measured in a modified
Swietoslawski ebulliometer apparatus (Hartono, et al., 2013; Kim, et al., 2008) . The measurements were started at ambient pressure to measure normal boiling point and then the pressure was reduced to generate data at lower temperatures.
2.3. Binary VLE measurements of the DEEA(1)+H 2 O(3) and DEEA(1)+MAPA(2) systems P-T-x-y data for the binary system DEEA/H 2 O at different temperatures and concentrations were measured in the same apparatus. A gravimetrically prepared, 80 weight % solution of DEEA in water was initially fed to the ebulliometer. During the experiment, after each equilibration, the initial solution was diluted gradually to achieve high dilution at the end. While for MAPA/H 2 O, the reported data (Kim et al., 2008) were collected and used.
P-T-x-y data of DEEA/MAPA system were also measured. By feeding pure DEEA or MAPA into the apparatus and diluting gradually with MAPA or DEEA to achieve high dilution at the end. The binary interaction parameters between the two amines could then be determined. This work was easy compared to the previous AMP/Pz system (Hartono, et al., 2013) , since both of the amines were in liquid state.
Detailed experimental procedures can be found in previous work (Hartono, et al., 2013; Kim et al., 2008 ).
Ternary VLE measurements of DEEA(1)+MAPA(2)+H 2 O(3) system
Eight different concentrations of ternary DEEA/MAPA/H 2 O solutions were prepared gravimetrically.
They provided different mole ratios of DEEA/MAPA (0.20, 0.25, 0.40, 0.50, 2.0, 2.5, 4 .0, and 5.0) and were individually fed into the ebulliometer. When equilibrium was established at a specific temperature, samples of liquid and vapor phase were collected. Each ratio of DEEA/MAPA was completed in one run from the lowest to the highest possible temperature.
Liquid (x) and vapor (y) phase analyses
The collected liquid and vapor solutions were examined with amine titration (Mettler Toledo G20) to determine the amine concentrations for the binary systems. High concentration samples were analyzed with 0.2N H 2 SO 4 as titrant but for the low concentration samples 0.02N H 2 SO 4 had to be used. The end point of each titration curve was used to calculate the concentration of amine according to eq. 1.
For the binary DEEA/MAPA system, the concentration of each amine was estimated from the total alkalinity according to: (Vevelstad, et al., 2013; da Silva, et al., 2012; Lepaumier, et al., 2011) . The reported concentrations were on volumetric base and to quantify each amine on the gravimetric basis the total alkalinities () Alk , (Eq. 1) were measured by 6 titration and the results from the LCMS were used as the mole ratio DEEA/MAPA () h . Hence the concentrations of DEEA and MAPA were calculated according to:
Source of uncertainty
Minor uncertainty sources were from pressure ( 0.3 ) P kPa D± and temperature ( 0.05 ) TK D± (Kim, et al., 2008) . However, the liquid and vapor phase analyses play a very important role in the calculation of activity coefficients and are the main source of uncertainty.
The titration analysis for alkalinity gives a deviation between two parallel samples typically less than 1%. The LCMS method reports an average deviation estimated to about 3%. The maximum propagation error (Ku, 1966) was estimated for the alkalinity measurement ( 1%) Alk
D±
and for concentration
Determination of experimental activity coefficient
The ebulliometer experiments can usually provide P-T-x-y data for both binary and ternary systems and the experimental activity coefficients saturation pressure of pure substance, and the Poynting factor respectively. Eq. 7 is developed for molecular systems and no hydrolysis of amine is taken into account as the amine itself is the main 7 contributor in the speciation. A detailed discussion on the hydrolysis effect can be found in previous work (Hartono, et al., 2013) .
The activity coefficient model
The UNIQUAC thermodynamic model (Abrams and Prausnitz, 1974) (Thomsen, 1999) was implemented and the freezing point depression was estimated with the method developed by Ge and Wang (2009) .
Regression
The 6 parameters of the UNIQUAC model were determined by using an in-house Matlab code for multi-response parameter estimation, Modfit (Hertzberg and Mejdell, 1998) 
Deviations between model results and experimental data were expressed as absolute average relative deviations (AARD) according to Eq. 9.
where W would be the activity coefficient, total pressure of solution, excess enthalpy and freezing point depression, respectively. 
.). An Antoine equation (Antoine, 1888) was
used to represent the data in Fig. 1 . It is seen that MAPA is more volatile than DEEA due to the absence of alcohol group in its molecular structure. The vapor pressure of MAPA in this work agrees very well with literature data (Kim, et al., 2008) while for the vapor pressure of DEEA a small discrepancy with literature data is observed. The data sets for DEEA, including data from the literature, cover a wide range of temperatures (5-203  C) while for MAPA the range is only 54-139  C. However, an extrapolation of the data to lower temperatures could be done with good accuracy. The obtained three parameters of the Antoine equation are shown in Table 1 along with the average absolute relative deviation (AARD) between model and data. and 95  C) and the results are shown in an Appendix (Table A. 3). DEEA is a derivate of MEA with two ethyl groups substituted for two protons. This substitution increases the volatility of DEEA compared to MEA, as can be seen in the k-values and the activity coefficients respectively.
The increase in k-value with temperature indicates that the volatility of DEEA increases more than that of water, while its decrease with concentration shows that the activity coefficient decreases. When the k-value of DEEA is compared with MEA at the same concentration and temperature (Kim, et al., 2008) , it is found that DEEA is more volatile as expected.
The collected experimental data for P-T-x-y (this work), excess enthalpy (Mathonat, et al., 1997) and freezing point depression (Arshad, et al., 2013) were regressed according to eq. 8. The obtained UNIQUAC volume (r) and surface area (q) parameters are tabulated in Table 2 while the UNIQUAC interaction energy parameters are shown in Tables 3 and 4 . The AARD values are given in Table 5 . x £ shows that DEEA has values from 20 to 1.5 while MEA has low values in the range 0.2-0.5 (Kim, et al., 2008) . Thus DEEA is in particular more volatile than MEA but the activity coefficient decreases with concentration contrary to MEA where the activity coefficient increases with concentration. Fig. 3 shows that the model is able to represent the P-T-x-y data very well and it is observed that the mixture of DEEA and water exhibits an azeotrope at very low concentrations 1 ( 0.1)
Figure 2. Experimental and predicted activity coefficients for DEEA and water at different concentrations
x < . The azeotrope point is found to shift to higher concentrations with increasing temperature.
Figure 3. Experimental P-T-x-y data at different temperatures compared with model predictions
The reported excess enthalpy of DEEA solutions (Mathonat, et al., 1997) and freezing point data (Arshad, et al., 2013) were also used in the parameter estimation as shown in Fig. 4 and Fig. 5 . The model gives a reasonably good representation of the excess enthalpy data. However, a shift in the minimum excess enthalpy value is observed when both the excess enthalpy and freezing point data are taken into account in the regression. No significant effect in the total pressure and activity coefficient predictions is seen. This behavior was also observed in previous work on AMP/H 2 O (Hartono, et al., 2013) and MEA/H 2 O (Aronu, et al., 2011) . The activity coefficient of water in the solution can be estimated both from the freezing point depression (SLE) data and the ebulliometric measurements (VLE). When both data are taken into account into the parameter regression a discrepancy appears at higher concentrations and lower temperatures. This problem might be explained by extrapolation of ebulliometer data down to very low temperatures, as the range for typical freezing point depression measurements, could be uncertain. 
Binary MAPA(2)+H 2 O(3) system
Only the reported VLE for the binary MAPA/H 2 O system (Kim, et al., 2008) and the freezing point depression data (Arshad, et al., 2013) were used in the regression to determine the UNIQUAC parameters as shown previously in Tables 2, 3 and 4 along with the AARD value in Table 5 . The reported volume (r) and area (q) regressed in this work are lower than those found by Aronu (2011) .
This may be explained by the obtained parameters from previous work were only regressed from VLE data.
The representation of the model for activity coefficients of MAPA and water are shown in Fig. 6 .
MAPA has lower activity coefficients than MEA (Kim, et al., 2008) and of the same order of magnitude as Pz (Hartono, et al., 2013) . Even though MAPA does not have any hydroxyl/alcohol group MAPA become much less volatile in water solution. In general the agreement between model and experimental 11 data is good, Fig. 6 and Fig. 7 . The apparent inconsistency of the model at low MAPA concentration
at 80  C can be attributed to uncertainties in the experiment itself while at high concentration 2 ( 0.25) x > a dilution technique was used (Kim, et al., 2008) which was reported as an important source of uncertainty. Figure 6 . Experimental data (Kim, et al., 2008) and predicted activity coefficients for MAPA and water at different concentrations
An azeotropic behavior at low temperature (40  C) and high MAPA concentration 2 (0.7 0.9) x << is predicted by the model but cannot be verified due to lack of data.
Figure 7. Experimental P-T-x-y data at different temperatures and the predicted models
Reported vapor pressure data for MAPA at 0.5 m (mole MAPA/ kg water) at different temperatures (Nguyen, et al., 2011) were plotted together with model predictions in Fig. 8 and as seen the model predicts well at low temperature ( 50 ) tC < but shows some over-prediction at higher temperatures. The discrepancy might be associated with uncertainty in the experimental data as also seen in the Pz/H 2 O system (Hartono, et al., 2013) . When no excess enthalpy data were used in the parameter regression a good prediction for freezing point depression was expected. However, as seen in Fig. 9 the model appears to over-predict the data at higher concentrations
. This can be caused by extrapolation of ebulliometer data to low temperatures, as earlier mentioned, but could also indicate inconsistencies between the measured water activity coefficients from ebulliometer (VLE) and from the freezing point depression experiments (SLE). The binary interaction of DEEA/MAPA was regressed from the data (in Table A .4) for the activity coefficient and total pressure and the results were already shown in Table 3 and Table 4 , along the AARD values in Table 5 . The activity coefficients of DEEA in MAPA are found to be lower than those in water as seen in Fig. 10 where it varies in the range from 1.2 to 0.8 at 80  C. The activity coefficients of MAPA in DEEA do not change significantly compared to the activity coefficients of MAPA in water.
Temperature gives a slight increase of the DEEA activity coefficients but for MAPA the opposite is seen.
Figure 10. Experimental data and predicted activity coefficients for DEEA and MAPA at different concentrations
The P-T-x-y data are represented well by the model as seen in Fig. 11 . However, at very high
concentrations of DEEA the model shows an under-prediction of the experimental points but an overprediction at the highest temperature in the middle concentration. This might be caused by uncertainties in the developed Antoine equation for pure DEEA from the collected experimental data (in Table A .1).
An azeotrope is also observed in the high range of DEEA concentrations and slightly shifting down in concentration with increasing temperature.
Figure 11. Experimental P-T-x-y data for DEEA and MAPA at different temperatures and the predicted models
Ternary DEEA(1)+MAPA(2)+H 2 O(3) system
The experimental results of the ternary VLE experiments at six different temperatures and eight different DEEA/MAPA ratios are collected in an Appendix (Table A.5.). Fig. 12 
As seen in Fig. 13 , the activity coefficients of DEEA are found to be lower in the ternary system than in the binary system. This also goes for MAPA. The solid and dashed lines are generated respectively with and without the binary interaction of DEEA/MAPA taken into account. It is clearly seen that at similar temperature and concentration the activity coefficients in the ternary system are lower than those of the binary systems as it was also show previously with the k-values. For AMP/Pz/H 2 O (Hartono, et al., 2013) and other systems (Kim, 2009) it was stated that the activity coefficients for the species in the ternary system are in general similar to the activity coefficients obtained from the corresponding binary mixtures, however this is not the case for the DEEA/MAPA system. The binary interaction parameters of DEEA/H 2 O, MAPA/H 2 O and DEEA/MAPA (see Tables 2, 3 and 4) were found to be sufficient to predict the ternary system with AARD values 18%, 15% and 2% in activity coefficients of DEEA and MAPA, and the total pressure respectively. It is also clear that the binary interaction parameters for the DEEA/MAPA system are necessary to obtain a good fit for the ternary mixture.
Figure 13. Experimental and predicted activity coefficients for DEEA(1) and MAPA(2) in the DEEA/MAPA/H 2 O system at 40
 C (a), 50  C (b), 60  C (c), 80  C (d), 100  C
(e) and 110  C (f)
Freezing point depression data for ternary system are plotted together with model predictions in Fig. 14. It is interesting to see that the model works well with an AARD= 7.4%. There is a tendency,
however, that the model slightly under-predicts the freezing point depression at high amine concentrations. The reasons discussed previously could be used for this case. The freezing point depression of the binary DEEA/H 2 O system was larger than for the MAPA/H 2 O system. Hence an increasing concentration of DEEA gives a significant effect in increasing the freezing point depression of the ternary system. 14 To be able to evaluate the volatility of DEEA and MAPA is important for a possible process application of the system. Our results show that even if MAPA in pure form has higher volatility in the whole temperature range investigated, it has very low volatility in aqueous solutions. 
Termodynamic consistency for all three systems
The directly measured variables in the ebulliometer were P and T while the liquid (x) and vapor (y) compositions were determined by the selected analytical method. It is basically enough to characterize the system from the P-T-x data according to the phase rule and when the collected P-T-x-y are available then the system is over-determined, hence a thermodynamic consistency based on the Gibbs-Duhem was also reported in the work of Kim et al. (Kim, et al., 2008) .
Conclusion
New ebulliometric VLE data for the binary DEEA/H 2 O and DEEA/MAPA systems and the ternary DEEA/MAPA/H 2 O system were generated at different temperatures and concentrations. A combined titration and LCMS technique to quantify the composition of the individual amine mixtures in the 15 ternary system was successfully carried out in this work. The titration technique was also sufficient to quantify the concentration of DEEA and MAPA in the binary DEEA/MAPA system.
Results show that DEEA is more volatile than some of the commercial solvents such as MEA and MDEA whereas MAPA has the same order of volatility as Pz but is less volatile than MEA. In pure condition MAPA is more volatile than DEEA, while in aqueous solution it is observed that MAPA is much less volatile than DEEA. It is also observed that the activity coefficients for the species in the ternary system are lower than in the corresponding binary mixture.
The six binary UNIQUAC interaction parameters were determined and were able to predict the P-T-xy, activity coefficients, excess enthalpies and freezing point depressions for the binary and the ternary system. However, it is noted that there is small inconsistency in the water activity coefficients from ebulliometer and freezing point depression measurements. Vevelstad, S. J., Grimstvedt, A., Elnan, J., da Silva, E. F., and Svendsen, H. F., 2013, Oxidative degradation of 2-ethanolamine; the effect of oxygen concentration and temperature on product formation, Submitted to the International Journal of Greenhouse Gas Control. Zhang, J., Qiao. J., and Agar, D. W., 2011, Improvement of lipophilic-amine-based thermomorphic biphasic solvent for energy-efficient carbon capture, Energy Procedia, 23, 92-101. Figure 1 . Saturation pressures of pure DEEA(1) and MAPA(2) (, MAPA (This Work); , MAPA (Kim, et al., 2008) ; , DEEA (This Work); , DEEA (Klepáčová, et al., 2011) ; , DEEA (Kapteina, et al., 2005) ; , DEEA (Steele, et al., 2002) 
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